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ABSTRACT
COVID-19 is increasingly affecting human health and global economy.
Understanding the fundamental mechanisms of Severe Acute Respiratory Syndrome
CoronaVirus 2 (SARS-CoV-2) is highly demanded to develop treatments for COVID-19.
SARS-CoV and SARS-CoV-2 share 92.06% identity in their N protein RBDs’ sequences,
which results in very similar structures. However, the SARS-CoV-2 is more easily to
spread. Utilizing multi-scale computational approaches, this work studied the
fundamental mechanisms of the nucleocapsid (N) proteins of SARS-CoV and SARSCoV-2, including their stabilities and binding strengths with RNAs at different pH values.
Electrostatic potential on the surfaces of N proteins show that both the N proteins of
SARS-CoV and SARS-CoV-2 have dominantly positive potential to attract RNAs. The
binding forces between SARS-CoV N protein and RNAs at different distances are similar
to that of SARS-CoV-2, both in directions and magnitudes. The electric filed lines
between N proteins and RNAs are also similar for both SARS-CoV and SARS-CoV-2.
The folding energy and binding energy dependence on pH revealed that the best
environment for N proteins to perform their functions with RNAs is the weak acidic
environment.
Kinesins are microtubule-based motor proteins that play important roles ranging
from intracellular transport to cell division. Human kinesin-5/Eg5 is essential for mitotic
spindle assembly during cell division. By combining molecular dynamics (MD)
simulations with other multi-scale computational approaches, we systematically studied
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the interaction between Eg5 and the microtubule. Our results showed that electrostatic
potential on the binding interface of the Eg5 motor domain is dominantly positive while
electrostatic potential on the binding interface of αβ-tubulin heterodimer is dominantly
negative. Detailed electrostatic distributions on the binding interfaces were illustrated in
this work. We found that binding forces between the Eg5 motor domains and the αβtubulin heterodimer at different distances are consistent with the attractive electrostatic
forces in both directions and magnitudes. Electric field lines between Eg5 and the αβtubulin heterodimer indicate a strong, attractive force between Eg5 and the αβ-tubulin
heterodimer. The folding and binding energy dependence on pH reveals that the Eg5
motor domain performs its functions best with microtubules in the weak acidic
environment. The analyses on hydrogen bonds and salt bridges demonstrate that on the
binding interfaces of Eg5 and tubulin heterodimer, the salt bridge plays the most
significant role in holding the complex structure. The salt bridge residues on the binding
interface of Eg5 are mostly positive, while salt bridge residues on the binding interface of
tubulin heterodimer are mostly negative. Such salt bridge residue distribution is
consistent with the electrostatic potential calculations. On the contrast, the interfaces
between α- and β-tubulins are dominated by hydrogen bonds rather than salt bridges.
Compared with the salt bridges between Eg5 and α-tubulin interfaces, the salt bridges
between Eg5 and β-tubulin have a greater number and higher occupancies. This
asymmetric salt bridge distribution may play a significant role in Eg5’s directionality.
The residues involved in hydrogen bonds and salt bridges are identified in this work,
which may be helpful for anticancer drug design.
vii
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PROJECT 1: ELECTROSTATIC FEATURES FOR NUCLEOCAPSID
PROTEINS OF SARS-COV AND SARS-COV-2

1.1. INTRODUCTION
Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2) is currently affecting
human health and global economy seriously. A similar situation happened in 2003 with SARSCoV, which also belongs to Coronavirus family. SARS-CoV and SARS-CoV-2 share 92.06%
identity in their N protein RBDs’ sequences [1,2]. Both SARS-CoV and SARS-CoV-2’s
genomes encode nonstructural replicase polyproteins and structural proteins [1], including the
nucleocapsid phosphoprotein (N protein). The main function of N protein is to link envelopes to
the +RNA. The N protein of SARS had shown to play a crucial role in regulating viral RNA
synthesis in replication and transcription [3]. Understanding the fundamental mechanisms of how
N proteins Receptor Binding Domains (RBDs) of SARS-CoV and SARS-CoV-2 bind RNAs is
highly demanded for developing new antiviral drugs and vaccines [4].
Some groups studied the N proteins of SARS-CoV and SARS-CoV-2 using experimental
methods. Sisi Kang et. al [3] utilized chemical experiments and X-ray analysis to obtain the
structure of N protein of SARS-CoV-2, which helped revealing potential drug targeting sites.
Veverka V’s laboratory [5] performed NMR-based titration experiments, combined with
computational model, to build the complex model of the Nucleocapsid N-Terminal RNA binding
Domains (N-NTD) with RNA. Unfortunately, only a few groups have conducted research on the
structure and function of N proteins of SARS-CoV. Peter Kuhn’s team [6] is one of them who
characterized the structures of the N-NTD of SARS-CoV. Compared with experimental studies,
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some effort has been also made to investigate SARS-CoV and SARS-CoV-2 using
computational approaches. Most of these computational studies focused on the spike (S) proteins
of the SARS-CoV and SARS-CoV-2 [7,8], including discoveries of potential drug targets for
SARS-CoV-2 [9,10,11], few works focused on N proteins. Some studies calculated the
electrostatic potential on N protein surfaces in coronavirus [3,5,6]. Electrostatic features of N
proteins help us understanding different mechanisms of RNA recognition and assembly. Other
calculations between N proteins and RNAs explore more fundamental principles for their
binding mechanisms.
Due to the relatively high cost of experiments and the rapid development of
computational algorithms [12,13], computational methods are now widely used to study biology
phenomena, including biomolecular structures [14,15], biomolecular interactions [16,17,18], pH
dependence of protein-protein/DNA/RNA interactions [19,20], etc. Using such state of art
computing techniques, a lot of efforts have been contributed to study viruses [7,21,22]. In this
work, several computational approaches are used to study nucleocapsid proteins of SARS-CoV
and SARS-CoV-2, including DelPhi [23], DelPhiForce [24,25], DelPhiPKa [26,27]. The
electrostatic features are critical in analyzing the interactions between the N protein and RNA.
Thus, the electrostatic potential, electric field lines and electrostatic forces were analyzed based
on the structures of N proteins of SARS-CoV/SARS-CoV-2 RBDs and RNAs. It was found that
SARS-CoV and SARS-CoV-2 have similar electrostatic potential distributions on their binding
surfaces, which demonstrated that the net charges play a significant role to attract the RNAs. In
addition, DelPhiPKa was implemented to calculate the binding energy pH dependence. Such
method has been proved successful and reliable [20,28,29,30]. The pH effects on the binding
energies for N proteins’ RBDs interacting with RNAs and folding energies of N proteins was
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analyzed, which demonstrated the optimal pH for N proteins’ folding and binding with RNAs.
Such details assist us to understand how the N proteins’ RBDs recognize RNAs. These findings
pave the way for research on future coronavirus-caused diseases. No experimental studies have
been conducted to reveal the differences between the biology functions of SARS-CoV and
SARS-CoV-2. Therefore, this work of comparing the N proteins of SARS-CoV and SARS-CoV2 can also be useful for future experimental design.

1.2. METHODS
1.2.1 Structure Preparation
The complex structure of SARS-CoV-2 with the Double Strand RNA (dsRNA) was
obtained from Protein Data Bank (pdb ID: 7ACS [5]). The SARS-CoV structure was obtained
from Protein Data Bank (pdb ID: 2OFZ [6]), which does not include the dsRNA structure.
Therefore, the complex structure of dsRNA combined with SARS-CoV N protein was modeled
by aligning the SARS-CoV structure to SARS-CoV-2 based on the template of 7ACS using
Chimera [31]. This study is mainly focused on the electrostatic features of Nucleocapsid NTerminal RNA binding Domains (N-NTDs) of SARS-CoV and SARS-CoV-2. In the SARS-CoV
N protein structure, the N and C terminals are not determined [6]. Figure 1.1 shows the complex
structures of SARS-CoV-2 N protein RBD binding with RNA, which is determined by NMR
experiments [5]. The NMR structures demonstrate none of the N or C terminals of SARS-CoV-2
binds to RNAs, therefore the N and C terminals are extremely flexible. Due to this experimental
evidence, N and C terminals of SARS-CoV-2 were deleted in this work. After the deletion, we
obtained the same length of N proteins for SARS-CoV-2 and SARS-CoV.
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Figure 1.1. The structure of SARS-CoV-2 N protein RBD bind with RNA (A) The side view of
the structure of SARS-CoV-2 N protein RBD bind with RNA; (B) The top view of the structure
of SARS-CoV-2 N protein RBD bind with RNA. The N terminals are shown with blue color
while the C terminals are displayed with orange color. The flexible hairpin-like structures of
SARS-CoV-2 N protein RBDs are highlighted with green color.

1.2.2 Electrostatic Calculations using DelPhi and DelPhiForce
DelPhi [23] and DelPhiForce [24,25] tools focus on accurate calculations and
visualizations of the electrostatic potential and forces for biomolecules. They were used to
calculate the electrostatic potential and total force for the N protein RBD and RNA binding
domain. Finite difference (FD) method is implemented in the DelPhi and DelPhiForce tools to
solve the Poisson-Boltzmann equation (PBE):
∇ ∙ [ϵ(r)∇ϕ(r)] = −4πρ(r) + ϵ(r)κ2(r)sinh(ф(r)/𝑘! 𝑇)

(1)

Where ф(r) is the electrostatic potential, ε(r) is the dielectric permittivity, ρ(r) is the permanent
charge density according to the atomic structure, κ is the Debye–Huckel parameter, kB is the
Boltzmann constant, and T is temperature.
The electrostatic potential of the SARS-CoV N protein and SARS-CoV-2 N protein with
RNA domain was calculated by DelPhi. Their surfaces were visualized by Chimera [31] using
the color scale range from -1.0 to 1.0 kT/e (see figure 1.2). In order to compare the directions and
4

strengths of electrostatic forces, the N protein and RNA was separated from 5 Å to 40 Å with the
step size of 5 Å using StructureMan [32]. Then at each position, the electrostatic force was
calculated by DelPhiForce. The visual molecular dynamics (VMD) [33] was implemented to
visualize the total forces and the electric field lines between N protein and RNA.

1.2.3 Folding energy calculation methods
DelPhiPKa [26,27] was implemented to calculate pKa values of nucleotides of RNAs’
and proteins’ ionizable residues. The net charge of the unfolded state was calculated with the
following equation:
#$!".$%(')()*!)+,('))

𝑄" (𝑝𝐻) = ∑&
'(# #%#$!".$%(')()*!)+,('))

(2)

Where the summation is all titratable groups, y(i) is -1 for acidic groups and +1 for basic groups.
The pKa values of SARS-CoV N protein and SARS-CoV-2 N protein with RNA domain
were calculated by DelPhiPKa. The pKa range was set from 0 to 14 with an interval of 0.5 in the
calculations. The pH-dependence of the folding free energy using the equation:
/0

ΔN?p𝐻)*+,'-. A = 2.3RT ∫/0 - (𝑄) (𝑝𝐻) − 𝑄" (𝑝𝐻)𝑑(𝑝𝐻))
'

(3)

Where 𝑄) (𝑝𝐻) and 𝑄" (𝑝𝐻) are the total net charge of folded and unfolded states. R is the
345+

universal gas constant taken as 1.9872 × 1012 6*+∗8. T is the temperature, which is 300 K.

1.2.4 Binding energy calculation methods
The pH-dependence of the binding energy of N proteins with RNAs was modeled by
obtaining the pH-dependence of the net charge of the complexes and their components. The pH
dependence of the stability of the complexes and their components using the equation:
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/0

∆𝑁?𝑝𝐻9'-,'-. A = 2.3𝑅𝑇 ∫/0 - (𝑄: (𝑝𝐻) − 𝑄- (𝑝𝐻) − 𝑄; (𝑝𝐻))𝑑(𝑝𝐻)
'

(4)

Where ∆𝑁?𝑝𝐻9'-,'-. A is the pH-dependence of the binding free energy, 𝑄: (𝑝𝐻), 𝑄- (𝑝𝐻) , and
𝑄; (𝑝𝐻) are the net charges of complex, N protein and RNA, R is the universal gas constant
345+

taken as 1.9872 × 1012 6*+∗8 . T is the temperature, which is 300 K.

1.3. RESULTS AND DISCUSSIONS
There are no experimental studies which investigated the differences between the biology
functions of SARS-CoV and SARS-CoV-2. Therefore, this work which compared the N proteins
of SARS-CoV and SARS-CoV-2 can be used for future experimental design. The mutations
between SARS-CoV and SARS-CoV-2 N proteins were analyzed to show the distribution of
mutations on the SARS-CoV-2 N protein. Furthermore, the electrostatic features of N proteins of
SARS-CoV and SARS-CoV-2 were investigated. Finally, the binding and folding energies of the
complexes and their components were calculated and analyzed.

1.3.1 Mutations between SARS-CoV and SARS-CoV-2
The structures of N protein RBDs of SARS-CoV and SARS-CoV-2 are very similar (the
RMSD is 0.967Å). We aligned the sequences of N protein RBDs of SARS-CoV and SARSCoV-2 using clustal omega [34] to analyze their sequence differences. The positions of the
mutation sites are marked in Figure 1.2 with orange color. Most of the mutation sites in the N
protein RBD are distributed on or closed to the hairpin-like structure. It suggests that the
flexibilities of the hairpin-like structure N protein RBDs may be different between these two
viruses. The flexibility of the SARS-CoV-2 N protein’s hairpin-like loop structure is shown in
figure 1.1.
6

Figure 1.2. Mutations on SARS-CoV-2 compared with SARS-CoV. A. The structure of SARSCoV-2 N proteins. The mutation sites are highlighted in orange color. B. Sequence alignment of
N proteins of SARS-CoV and SARS-CoV-2.

1.3.2 Electrostatic potential on surfaces
The electrostatic features are important for protein structure and functions. We calculated
the electrostatic potential of the N proteins of SARS-CoV and SARS-CoV-2. With the analysis,
the binding interfaces of N proteins showed dominantly positive electrostatic potential (see
figure 1.3) while the RNAs are negatively charged. Thus, the N protein RBDs are attracted by
RNAs because the two interfaces have opposite net charges. Such a phenomenon is common in
the interactions between biomolecules [7,35]. The electrostatic features of N proteins and RNAs
indicate that the electrostatic binding forces between N proteins and RNAs may enhance the
stabilities of the complexes.
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Figure 1.3. Structure and electrostatic surfaces of N proteins of SARS-CoV/SARS-CoV-2. (A)
The side view of the structure of SARS-CoV (purple) and SARS-CoV-2 (cyan) N proteins. (B)
The side view of the electrostatic potential on the surface of SARS-CoV; (C) The side view of
the electrostatic potential on the surface of SARS-CoV-2; (D) The top view of the structure of
SARS-CoV (purple) and SARS-CoV-2 (cyan) N proteins; (E) The top view of the electrostatic
potential on the surface of SARS-CoV; (F) The top view of the electrostatic potential on the
surface of SARS-CoV-2.

1.3.3 Electric field lines
The N protein structures of SARS-CoV and SARS-CoV-2 binding with RNAs are shown
in Figure 1.4. From the complex structures, it is obvious that the RNAs bind to the hairpin-like
loop of the N proteins. The structures of SARS-CoV and SARS-CoV-2 are very similar except
the hairpin-like loops. Because the hairpin-loops are much more flexible than the rest of the N
protein structures. Note that the N and C terminals have been removed from both of the N
proteins to obtain more stable structures, because these terminals are too flexible and have no
contribution to the binding interactions. The details are shown in the methods section.
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Figure 1.4. Complex structures of N protein RBDs and RNAs. (A) SARS-CoV N protein RBD
(purple) bind with RNA (pink); (B) SARS-CoV-2 N protein RBD (cyan) bind with RNA (blue).
To further explore the electrostatic interactions, we calculated the electric field lines
between N protein RBDs and RNAs (see Figure 1.5). Densities of field lines represent the
strengths of electrostatic interactions. From the electric field line distributions, it is clearly shown
that both N proteins of SARS-CoV and SARS-CoV-2 have strong attractive binding forces to
RNAs. The residues with dense field lines on the RNA interface areas are the same, which are
ADE2, URA9, CYT10 and ADE11. On the other side, the key residues generating dense field
lines on N proteins of SARS-CoV and SARS-CoV-2 are also the same (note that the sequence
numbers of SARS-CoV and SARS-CoV-2 have 41 residues difference). For SARS-CoV, the key
residues are: ARG93, ARG96, ARG108, PRO152; for SARS-CoV-2, the corresponding identical
key residues are: ARG52, ARG55, ARG67, PRO111. In each case, three out of four N proteins’
dense field lines generating residues are arginine. Also, those key residues that produce the dense
electric field lines do not have any mutation from SARS-CoV to SARS-CoV-2, which means
that these residues are conserved.
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Figure 1.5. Electric field lines of complex binding domains. (A) Electric field lines of SARSCoV N protein RBD and RNA; (B) Electric field lines of SARS-CoV-2 N protein RBD and
RNA. The residues with high density of filed lines are circled and highlighted, including those
on RNAs (yellow) and on N proteins (blue).

1.3.4 Electrostatic forces
Electrostatic forces of SARS-CoV and SARS-CoV-2 N proteins’ RBDs with RNAs at
distances from 5 Å to 40 Å with a step size of 5 Å were separated by StructureMan [32] and
calculated by DelPhiForce at each position (see figure 1.6). The directions of the blue arrows are
illustrated to show the directions of net forces between N proteins and RNAs. The arrows are
normalized to the same size for better visualizations. From the figures, the electrostatic forces of
N proteins attract the corresponding RNAs. It clearly showed that the directions of arrows are
different by comparing SARS-CoV and SARS-CoV-2 N protein RBDs with RNAs at distance of
5 Å. It may because of the hairpin-like loop structure at the top of the N protein, which is more
flexible as shown in figure 1.1.
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Figure 1.6. Electrostatic forces of SARS-CoV and SARS-CoV-2 N protein RBDs with RNAs at
distances from 5 Å to 40 Å. (A) Electrostatic force of SARS-CoV N protein RBD (purple) and
RNA(pink) at distances from 5 Å to 40 Å with a step size of 5 Å; (B) Electrostatic force of
SARS-CoV-2 N protein RBD (cyan) and RNA(light blue) at distances from 5 Å to 40 Å with a
step size of 5 Å.
While figure 1.6 only focuses on the directions of the electrostatic forces, the magnitudes
of these electrostatic forces of SARS-CoV and SARS-CoV-2 are shown in figure 1.7. The
electrostatic forces between N proteins’ RBDs and RNAs decrease as the distances increase. It is
obviously shown that SARS-CoV and SARS-CoV-2 have similar electrostatic forces at different
distances. SARS-CoV-2 has relatively stronger forces than SARS-CoV, except at the distance of
5 Å. Figure 1.7 only compares the magnitudes of the forces between SARS-CoV and SARSCoV-2. However, the directions of the forces are also important for electrostatic forces, which is
shown in figure 1.6.
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Figure 1.7. The trends of electrostatic forces of SARS-CoV and SARS-CoV-2 N proteins’ RBDs
with RNAs at distances from 5 Å to 40 Å. Orange and Blue colors represent SARS-CoV and
SARS-CoV-2, respectively.

1.3.5 Binding energies
In protein-DNA/RNA complexes, it is common that the binding energies depend on the
pH environment [29,30]. The pH-optimum is the pH at which the complex has maximal
electrostatic binding energy [28]. To demonstrate the pH dependence in the binding process of N
proteins and RNAs, DelPhiPKa was implemented to calculate the binding energies. It should be
mentioned that the binding energies calculated using DelPhiPKa method are relative binding
energies rather than absolute energies. By default, the binding energy at pH 0 is set as reference,
which is 0 kcal/mol. The relative energy profile can be used to study the binding energy
dependence on pHs.
The results are shown in figure 1.8. From the binding energy curves, it is obvious that for
both SARS-CoV and SARS-CoV-2, the binding energy is stable within a wide range of pH (from
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5.5 to 10). Such pH independent binding energy phenomena were also found in some other
related studies [19].

Figure 1.8. The calculated pH dependence of the binding energy between N proteins’ RBDs and
RNAs. (A) The binding energy of SARS-CoV N protein RBD and RNA; (B) The binding energy
of SARS-CoV-2 N protein RBD and RNA. The pH range was set from 0.0 to 14.0 with an
interval size of 0.5.

1.3.6 Folding energies
The net charges of SARS-CoV and SARS-CoV-2 are calculated with DelPhiPKa [26,27].
The pH range was set from 0 to 14 with an interval of 0.5. Figure 1.9 shows the calculated
folding energies of SARS-CoV and SARS-CoV-2 at different pH values. The pH-dependence of
the folding free energy demonstra that SARS-CoV and SARS-CoV-2 have the same pHoptimum value where the folding energy is the most favorable at this pH (here the pH-optimum
value is 5.5). In addition, N proteins of SARS-CoV and SARS-CoV-2 have similar inverted
funnel-shaped folding energy curves. These curves indicate that the pH-dependences of folding
energies of SARS-CoV/SARS-CoV-2 N proteins binding with RNAs are very similar. And the
combination of the folding energy and binding energy profiles demonstrates that the N proteins
perform their functions best at pH 5.5.
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Figure 1.9. The calculated pH-dependence of the folding energy of N proteins’ RBDs and RNAs.
(A) The folding energy of SARS-CoV N protein RBD and RNA; (B) The folding energy of
SARS-CoV-2 N protein RBD and RNA. pH ranges from 0.0 to 14.0 with an interval of 0.5.

1.4. CONCLUSIONS
Due to the sequence similarity, SARS-CoV and SARS-CoV-2 have very similar
functions and structures. Each of their genes encodes four types of structural proteins, including
N protein which is studied in this work. The N proteins of SARS-CoV and SARS-CoV-2 are
similar in sequence and almost identical in structure. This study revealed some fundamental
mechanisms of these N proteins, including their stabilities and binding strengths with RNAs at
different pHs.
Multiple computational approaches were utilized in this work to investigate the N
proteins. Electrostatic potential of the surfaces of N proteins show that both of the N proteins
from SARS-CoV and SARS-CoV-2 have similar electrostatic potential distributions. The
binding interfaces are dominantly positively charged, which results in attractive electrostatic
interactions to RNAs. The electrostatic force analyses validated such attractive interactions. The
binding forces between SARS-CoV N protein and RNA at different distances are similar to that
of SARS-CoV-2, in both directions and magnitudes. Electric filed lines between N proteins and
RNAs are also similar between SARS-CoV and SARS-CoV-2. The binding energy dependence
to pHs shows that the binding of both N proteins with RNAs are stable in a wide range of pH
14

(from pH 5.5 to 10). For folding energy dependence to pH, the optimal pH is found as 5.5 for
both N proteins. This indicates that the N proteins perform their functions best in a weak acidic
environment, which is perfect for theses N proteins to maintain their structures and perform
functions surrounding RNAs.
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PROJECT 2: USING A COMPREHENSIVE APPROACH TO
INVESTIGATE THE INTERACTION BETWEEN KINESIN-5/EG5 AND
THE MICROTUBULE

2.1. INTRODUCTION
Kinesins are a superfamily of motor proteins that can be further divided into 14 different
subfamilies (kinesin-1 through kinesin-14) and an orphan group [1, 2]. Kinesins utilize chemical
energy from ATP hydrolysis to interact with the microtubule to generate directional movements
and forces inside the cells [1, 3-5]. Kinesins play vital roles in various cellular processes ranging
from intracellular transport to cell division [1, 3, 6, 7].
Kinesin-5 motors are responsible for the assembly and maintenance of spindle bipolarity
during cell division [8-12]. Kinesin-5 motors are homo-tetramers with four identical heavy
chains [13-15]. While human kinesin-5/Eg5 commonly exhibits plus-end-directed motility,
kinesin-5s from fungi are able to exhibit minus-end-directed motility [9, 16-20]. This tetramer
structure with two pairs of motor domains at either end enables them to interact with
microtubules to generate forces that push and hold spindle poles apart [21, 22]. In addition, it has
been confirmed that kinesin-5 promotes microtubule polymerization [11, 23].
Cryo-electron microscopy is an important tool to reveal the structural mechanisms of
kinesin motility on the microtubule. Many biochemical studies have been carried out to
determine different kinesin-tubulin complex structures to explore the mechanisms of kinesin
motility [22, 24-27]. There are many known kinesin or kinesin-microtubule (MT) complex
structures are available in Protein Data Bank. Several investigations using computational
20

approaches, such as molecular dynamics simulations and Monte Carlo analysis, studied binding
mechanisms between certain kinesins and microtubules [28-31]. Such as G Scarabelli and BJ
Grant utilized unbiased molecular-dynamics simulations combining with Bioinformatics analysis
and mutation studies to show the dynamic effects of nucleotide turnover and allosteric inhibition
of the kinesin-5 motor [32]; BJ Grant et al. used atomistic Brownian dynamics simulations
combined with experimental mutagenesis to elucidate a biased binding mechanism regarding
kinesin-1 [28].
Even though many efforts have been performed to study molecular motors [33, 34], the
mechanisms of kinesin motility on microtubules still remain enigmatic. Besides the experimental
approaches, computation methods have been widely used to study the functions of biomolecules
[35-40]. In this work, we used a multi-scale computational approach that combines DelPhi [41,
42], DelPhiForce [43, 44], DelPhiPKa [45, 46] and NAMD [47] to study the binding mechanism
of kinesin-5/Eg5 to the microtubule. Electrostatic features indicate that the charge distribution on
the motor domains of Eg5 provides attractive interactions to the microtubule: First of all, the
electrostatic potential on the surfaces of the Eg5 motor domain shows dominantly positive
potential while tubulin heterodimer’s interfaces are negatively charged, indicating that they
attract each other; Secondly, the electrostatic forces between the Eg5 motor domain and tubulin
heterodimer at different distances demonstrate the attractive forces in directions and magnitudes;
What’s more, the electric field lines between them clearly show that Eg5 has a strong attractive
binding force to tubulin heterodimer. Moreover, the pH effects on the binding energy for the Eg5
motor domain interacting with tubulin heterodimer and folding energy of Eg5 were analyzed
using DelPhiPKa, which has been widely used to study pH dependence of folding and binding
energies for biomolecules 48-50. The dependence on pH reveals that the Eg5 motor domain
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performs its functions best with microtubule in the weak acidic environment (the optimal pH for
the folding energy is 6; the optimal pH for the binding energy is 4.5). Finally, the residues
forming salt bridges and hydrogen bonds are identified based on Molecular Dynamics (MD)
simulations. These residues are critical for the Eg5 motor domain binding with microtubule,
which may be helpful for anticancer drug design in future work.

2.2. METHODS
2.2.1 Structure Preparation
The motor domain of Eg5 in complex with the microtubule structure was obtained from
RCSB protein data bank (PDB ID: 6TA4 [22]), which is based on the cryo-EM structure with a
resolution of 6.10 Å. Such a resolution is sufficient for the simulations and calculations in this
work. In this structure, the motor domain of Eg5 was in adenylyl imidodiphosphate (AMP-PNP)
state and bound to microtubules. To prepare the sample for cryo-EM data collection, GMPCPP
stabilized microtubules (50 μM) were used and to form the complex with AMPPNP, 25 μM
HsK5 was incubated with 20 mM AMPPNP.

2.2.2 Electrostatic Calculations
Two computational tools, DelPhi [41, 42] and DelPhiForce [43, 44], were used to
calculate electrostatic potential and force of the Eg5-microtubule complex. These two tools solve
the Poisson-Boltzmann equation (PBE) by finite difference method to calculate electrostatic
potential ф(r):
∇ ∙ [ϵ(r)∇ϕ(r)] = −4πρ(r) + ϵ(r)κ2(r)sinh(ф(r)/𝑘! 𝑇)
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(1)

Where ρ(r) is the permanent charge density, ε(r) is the dielectric permittivity, T is temperature, κ
is the Debye-Huckel parameter and kB is the Boltzmann constant.
The electrostatic potential of the Eg5 motor domain and tubulin heterodimer was
visualized by UCSF Chimera [51]. Positively and negatively charged regions are colored in blue
and red respectively. The color scale ranges from -1.0 to 1.0 kT/e (see figure 2.2). To see the
directions and strength of electric fields, DelPhiForce was performed to determine the
electrostatic forces between the Eg5 motor domain and ab-tubulin heterodimer. The Eg5 motor
domains and the ab-tubulin heterodimer were separated from 14 Å to 40 Å with the step size of
2 Å using StructureMan [52]. Finally, electrostatic forces and electric field lines between the
motor domains of Eg5 and ab-tubulin heterodimer were shown using visual molecular dynamics
(VMD) [53] (see figure 2.3 and 2.4).

2.2.3 Folding free energy calculation
DelPhiPKa [45, 46] was performed to calculate pKa values of the Eg5 motor domain and
ab-tubulin heterodimer. The pKa range was set from 0 to 14 with an interval of 0.5 in the
calculations. First, we calculated the net charge of the unfolded state with the following equation:
#$!".$%(')()*!)+,('))

𝑄" (𝑝𝐻) = ∑&
'(# #%#$!".$%(')()*!)+,('))

(2)

Where 𝑄" represents all titratable groups, y(i) is -1 for acidic groups and +1 for basic groups.
Then, the pH dependence of the folding free energy was calculated using the following
equation:
/0

ΔN?p𝐻) A = 2.3RT ∫/0 - (𝑄) (𝑝𝐻) − 𝑄" (𝑝𝐻)𝑑(𝑝𝐻))
'
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(3)

Where 𝑄" (𝑝𝐻) represents the total net charge of the unfolded state, which is calculated in
equation (2). 𝑄) (𝑝𝐻) displays the total net charge of the folded state. R is the universal gas
345+

constant (1.9872 × 1012 6*+∗8), and T is the temperature (300 K).

2.2.4 Binding free energy calculation
Based on the pKa values calculated by DelPhiPKa [45, 46], the pH dependence of the
binding free energy of the Eg5 motor domain and tubulin heterodimer was obtained by the
following equation:
/0

∆𝑁(𝑝𝐻9 ) = 2.3𝑅𝑇 ∫/0 - (𝑄: (𝑝𝐻) − 𝑄- (𝑝𝐻) − 𝑄; (𝑝𝐻))𝑑(𝑝𝐻)
'

(4)

Where ∆𝑁(𝑝𝐻9 ) represents binding free energy. The binding free energy was modeled by
obtaining the pH dependence of the net charge of the complexes and their components. 𝑄: (𝑝𝐻),
𝑄- (𝑝𝐻), and 𝑄; (𝑝𝐻) are the net charges of the complex, the Eg5 motor domain, and tubulin
345+

heterodimer. 𝑅 = 1.9872 × 1012 6*+∗8, which is the universal gas constant, and T is the
temperature.

2.2.5 MD Simulations
MD simulations were performed on CPUs using Stampede2 at the Texas Advanced
Computing Center (TACC http://www.tacc.utexas.edu). Three 60-ns simulations of the Eg5microtubule complex were carried out. The minimization was set to 20,000 steps. The standard
temperature was considered 300 K. The pressure was set up to be standard using the Langevin
dynamics. The coordinates (x, y, z) of the full-system periodic electrostatics were fit with the
grid size (115, 86, 116). In each simulation, residues with any atom within 15 Å from the binding
interfaces were treated as interfacial residues. All the interfacial residues were set free while non24

interfacial residues were constrained. Based on the Root Mean Square Deviation (RMSD) plots
(see figure 2.1), the last 20 ns (from 8000 frame to 12000 frames) of the simulations were
selected for analysis because the simulations in the last 20 ns were more stable than that in the
first 40 ns. The simulations were visualized by VMD [53].

Figure 2.1. The RMSD of the three simulations. (A) The RMSD of first simulation. (B) The
RMSD of second simulation. (C) The RMSD of third simulation.
To further explore the interactions between the Eg5 motor domain and ab-tubulin
heterodimer, the hydrogen bonds and salt bridges between Eg5 and tubulin heterodimer were
analyzed. The threshold for hydrogen bonds was 3.2 Å while the threshold for salt bridges was 4
Å. The last 20 ns in each of the three simulations were selected and analyzed to identify the salt
bridges and hydrogen bonds, for further validation the results were compared to each other. In
25

the analysis, those salt bridges and hydrogen bonds which are rarely formed (<10%) in the whole
simulations were ignored.
The numbers of total and average hydrogen bonds during the last 20 ns were analyzed.
The occupancy of each hydrogen bond was calculated based on the last 20 ns of the three
simulations. Finally, the residues involved in hydrogen bonds were illustrated. The relative
position of the top three salt bridges in the complex structure during the last 20 ns were shown in
figure 2.12. In addition, the occupancy of each salt bridge residue was calculated to compare
with the residues forming hydrogen bonds.

2.3. RESULTS AND DISCUSSIONS
We investigated the electrostatic features of the Eg5 motor domain and ab-tubulin
heterodimer. Furthermore, the pH-dependent binding and folding energies of the Eg5-tubulin
heterodimer complexes and their components were analyzed. Finally, the hydrogen bonds and
salt bridges in each complex structure were acquired and investigated after MD simulations. We
identified the residues involved in the hydrogen bonds and salt bridges between Eg5 and abtubulin complexes.

2.3.1 Electrostatic potential on surfaces
DelPhi [41, 42] was utilized to study the electrostatic features of the Eg5 motor domain
and ab-tubulin heterodimer. Figure 2.2 shows the electrostatic potential of the Eg5 motor
domain and the tubulin heterodimer. The positively and negatively charged regions are colored
in blue and red, respectively. The color scale is from -1 kT/e to 1 kT/e. The bottom view of the
motor domain (see figure 2.2E, 2.2F) shows the interfacial residues that contacts tubulin
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heterodimer, which is mainly positively charged. Figure 2.2J shows the dominantly negative
electrostatic potential of the tubulin heterodimer binding interface. Thus, the motor domain of
the Eg5 are attracted by the ab-tubulin heterodimer because the two interfaces have opposite net
charges. Electrostatic potential of the Eg5 motor domain and the ab-tubulin heterodimer
indicates that the electrostatic binding forces between them may enhance the stabilities of the
complexes.

Figure 2.2. Structure and electrostatic potential on the surface of the Eg5 motor domain. Here, α
tubulins, β tubulins, and the Eg5 motor domain are shown in blue, pink and orange, respectively.
Positively and negatively charged regions are colored in blue and red, respectively. (A) Top view
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of the structure of Eg5; (B) Top view of the electrostatic potential on the surface of Eg5; (C)
Front view of the structure of Eg5; (D) Front view of the electrostatic potential on the surface of
Eg5; (E) Bottom view of the structure of Eg5; (F) Bottom view of the electrostatic potential on
the surface of Eg5; (G) Front view of the structure of tubulin heterodimer; (H) Front view of the
electrostatic potential on the surface of the tubulin heterodimer; (I) Top view of the structure of
the tubulin heterodimer; (J) Top view of the electrostatic potential on the surface of tubulin
heterodimer.

2.3.2 Electric field lines
The original structure of Eg5 binding with tubulin heterodimer was determined by
electron microscopy [22]. To better visualize, we separated Eg5 by 20 Å away from tubulin
heterodimer. Figure 2.3A shows the complex structures of Eg5 binding with tubulin heterodimer.
The electric field lines between the Eg5 motor domain and tubulin heterodimer were
calculated to investigate their electrostatic interactions (figure 2.3B). As shown in figure 2.3B,
the interface of the Eg5 motor domain was separated from the tubulin heterodimer by 20 Å to
visualize the electric field lines. Densities of field lines indicate the strengths of electrostatic
interactions. The electric field line distributions clearly show that the Eg5 motor domain has
strong, attractive binding forces to tubulin heterodimer because denser field lines represent
strong interaction in the interfaces. Such strong attractive binding forces are validated by the
later section of electrostatic forces between the Eg5 motor domain and tubulin heterodimer.
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Figure 2.3. Complex structures of Eg5 and the tubulin heterodimer with the electric field lines
between them. (A) Complex structures of Eg5 and tubulin heterodimer at 20 Å distance. The Eg5
motor domain is shown in orange, and α and β-tubulin are shown in blue and pink, respectively.
(B) Electric field lines between the Eg5 motor domain and tubulin heterodimer. They are
positioned the same as in figure (A).

2.3.3 Electrostatic forces
To study the electrostatic forces, the Eg5 motor domain and the tubulin heterodimer were
separated at distances from 14 Å to 40 Å with a step size of 2 Å. Then the electrostatic forces
between the Eg5 motor domain and the tubulin heterodimer were calculated at each position by
implementing DelPhiForce [43, 44]. The blue arrows in figure 2.4 demonstrate the directions of
net forces between the Eg5 motor domain and the tubulin heterodimer. Please note that the blue
arrows in figure 2.4A only represent the directions of the forces. The blue arrows are normalized
to the same size for better visualization. Figure 2.4A reveals that the overall net forces are
attractive between the Eg5 motor domain and tubulin heterodimer. To analyze the forces in more
details, the electrostatic forces on individual residues in the Eg5 motor domain at 20 Å are shown
in figure 2.4B, where the blue arrow displays the net force between the Eg5 motor domain and
tubulin heterodimer, the red arrows represent forces on individual residues. The directions of the
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red arrows indicate the directions of the binding forces on residues. The sizes of the red arrows
indicate the magnitudes of the forces on the residues.

Figure 2.4. Electrostatic forces of the Eg5 motor domain with tubulin heterodimer at distances
from 14 Å to 40 Å. α-tubulin and β-tubulin are shown in blue and pink, respectively (A)
Electrostatic force of the Eg5 motor domain (orange) with tubulin heterodimer at distances from
14 Å to 40 Å with a step size of 2 Å; (B) Electrostatic forces between the Eg5 motor domain
(orange) and tubulin heterodimer at 20 Å. (C) A close-up view of (B). The blue arrows show the
net force, while the red arrows display forces on individual residues of the Eg5 motor domain.
Besides the directions shown in figure 2.4A, the magnitudes of the net forces at different
distances are displayed in figure 2.5. As shown in figure 2.5, the attractive force decreases when
the distance between the motor domain and tubulin heterodimer is increased, which is expected
due to the Coulomb’s law.
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Figure 2.5. The net electrostatic forces between the Eg5 motor domain and tubulin heterodimer
at distances from 14 Å to 40 Å with a step size of 2 Å.

2.3.4 Folding energies
In the protein complex, the folding energies generally depend on the pH environment.
We calculated the net charges of the Eg5 motor domain with the DelPhiPKa web server [45, 46].
The pH range was set from 0.0 to 14.0 with an interval of 0.5. Please note that the method used
in this work is to calculate relative folding energies to investigate the folding energy pH
dependence. The absolute folding energies are not calculated in this work. Such relative folding
energy at pH 0 is set as the reference, which is 0 kcal/mol. Figure 2.6 shows the calculated
folding energies of the Eg5 motor domain at different pH values. The curve of folding energy
indicates that the optimum pH value for the motor domain is pH 6. Thus, the pH dependence of
the folding free energy demonstrates that the Eg5 motor domain maintains its structure most
stable in the weakly acidic environment.
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Figure 2.6. The pH-dependence of the folding energy of the Eg5 motor domain. The pH range
was set from 0.0 to 14.0 with an interval of 0.5.

2.3.5 Binding energies
Upon different complexes, the pKa shifts can be used to indicate the electrostatic
contribution to the binding energies [54]. We also calculated pKa using the DelPhiPKa web
server [45, 46]. For the Eg5 and tubulin complex, we ran one pKa’s calculation for the complex
structure, and we performed two calculations for the motor domain and tubulin heterodimer,
respectively. The pH ranges were set from 0.0 to 14.0 with an interval of 0.5. To investigate the
pH dependence of binding energies, the method used in this work is to calculate the relative
binding energies rather than absolute energies. The binding energy at pH 0 is set as the reference,
which is 0 kcal/mol. The pH-optimum is defined as the pH at which the complex structure yields
the most robust binding interactions. As shown in figure 2.7, the binding energy curve shows that
the strongest binding free energy at pH 4.5, which is the optimum pH for the binding of Eg5 and
tubulin heterodimer. Combining the pH dependences of Eg5 folding energies and the
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Eg5:tubulin heterodimer binding energies reveals that the complex structure is most stable in the
acidic environment.

Figure 2.7. The calculated pH-dependence of the binding energy between the Eg5 motor domain
and tubulin heterodimer. The pH range was set from 0.0 to 14.0 with an interval size of 0.5.

2.3.6 Hydrogen Bonds
Hydrogen bonds among three complexes (α-tubulin:β-tubulin, Eg5:α-tubulin, Eg5:β
tubulin) were analyzed based on the last 20 ns of all three MD simulations (see figure 2.8). The
average numbers of hydrogen bonds are shown with red lines in figure 2.8.
Furthermore, the average numbers of hydrogen bonds are shown in Table 2.1. By
comparing average numbers of hydrogen bonds in the simulations of the three complexes (α:β
tubulins, Eg5:α tubulin, Eg5:β tubulin), we found in each of the three simulations that the
difference of the average hydrogen bonds number between Eg5 and α tubulin is the greatest. The
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average number ranges from 4.89 to 8.30. In the three simulations for α and β tubulin
heterodimer, the difference of average hydrogen bonds number is only 1.5. It is because α:β
tubulin heterodimer is supposed to be stable; while the binding interactions between Eg5 and α/β
tubulin heterodimer are not permanent. The Eg5 need to be bound to and detached from the α/β
tubulins periodically during the stepping process. Therefore, the hydrogen bonds between α and
β tubulins are more stable. In the three complexes, the difference of the average number of
hydrogen bonds between Eg5 and α tubulin is the largest, indicating that Eg5 and α tubulin may
have the most flexible interfaces.

Figure 2.8. Hydrogen bonds at the interfaces of the Eg5 motor domain and tubulin heterodimer.
The average numbers of hydrogen bonds are shown with red lines. (A) (D) (G) Number of
hydrogen bonds between α tubulin and β tubulin. (B) (E) (H) Number of hydrogen bonds
between the Eg5 motor domain and α tubulin. (C) (F) (I) Number of hydrogen bonds between the
Eg5 motor domain and β tubulin.
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Table 2.1. Average numbers of hydrogen bonds
Simulation
α and β tubulins Eg5 and α tubulin
1
5.10
4.89
2
6.60
8.30
3
5.28
5.88

Eg5 and β tubulin
6.41
7.63
8.16

In order to analyze the average occupancies of hydrogen bonds formed in the three
simulations for Eg5-tubulin heterodimer complex, the three simulations were combined to
calculate the occupancies of the hydrogen bonds. Such occupancies of hydrogen bonds above
30% are shown in figure 2.9. The hydrogen bonds with occupancies above 10% were listed in
the table 2.2. By comparing the three complexes (Eg5:α-tubulin, Eg5:β-tubulin, α-tubulin:βtubulin), the total number of hydrogen bonds formed at the binding interface of Eg5:α-tubulin is
similar to that at the binding interface of Eg5:β-tubulin (see table 2.2). The total number of
hydrogen bonds at the binding interface of α-tubulin:β-tubulin is the smallest, about half that of
Eg5:α-tubulin or Eg5:β-tubulin. However, if the cutoff value was set at 30%, as shown in figure
2.9, α-tubulin:β-tubulin was found to have more hydrogen bonds at the binding interface than
these other two complexes. This observation shows the interaction between α- and β-tubulins is
more stable than the interaction between Eg5 and αβ-tubulin heterodimer because high
occupancy hydrogen bonds indicate strong binding interactions. High occupancy hydrogen
bonds between Eg5 and α/β tubulin are crucial for exploring the binding mechanism of Eg5 with
microtubule. Between the Eg5 motor domain and α tubulin, hydrogen bonds with high
occupancy are GLU344 (from the Eg5 motor domain) - SER419 (from α-tubulin); ARG274
(from the Eg5 motor domain) - GLU414 (from α-tubulin). For Eg5:β tubulin, the high occupancy
hydrogen bonds are GLU166 (from the Eg5 motor domain) - ARG156 (from β tubulin);
ARG312 (from the Eg5 motor domain) - ASP417 (from β tubulin).

35

Table 2.2. Occupancies of hydrogen bonds at interfaces among three complexes
Complexes

Hydrogen bonds

Occupancies
(%)

GLU220-SER322

76

GLU220-LYS324

69

ARG221-MET321

69

GLN15-GLN245

68

ASP98-MET1

51

ARG105-ASP161

47

PHE404-PRO259

41

GLN11-ASN247

38

ALA100-GLN131

33

GLU411-ARG251

23

GLU97-CYS129

15

GLU97-ASP128

13

GLU344-SER419

66

ARG274-GLU414

60

ASP279-LYS112

25

THR54-GLU423

23

THR54-GLU423

21

ARG274-GLU417

21

GLU345-GLY416

21

TYR352-GLU415

20

α: β tubulins

Eg5: α tubulin
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GLU344-SER419

20

SER269-GLU414

19

GLU344-GLU420

18

ARG283-GLY410

17

GLU344-TYR399

16

LYS64-GLU423

15

GLU344-SER419

15

GLU351-TYR399

14

GLY56-GLU423

14

SER348-GLU415

14

GLY55-GLU423

13

ASN287-TYR408

13

SER348-TYR399

13

ASN287-VAL409

12

ASP279-THR109

12

ARG283-GLU411

12

ASN271-GLU414

11

ARG274-GLY416

10

ASP279-TYR108

10

GLU166-ARG156

63

ARG312-ASP417

53

ARG318-GLU410

32

ARG181-GLU194

30

ARG181-GLU410

30

Eg5: β tubulin

37

ARG181-GLU194

30

ARG297-GLU421

28

ARG181-GLU407

27

LYS315-GLU194

24

LYS197-ASP404

24

GLN321-GLU421

23

ARG297-GLU421

20

LYS197-GLU407

19

LYS315-GLU194

19

ARG312-SER413

19

ARG283-PRO160

17

VAL309-GLN424

13

GLN183-GLU407

13

GLN183-GLU410

12

TYR311-ASP417

12

LYS315-GLU194

12

GLU313-ASP417

12

ASN165-GLU157

12

GLN183-GLU410

11

ARG312-GLU421

10
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Figure 2.9. The occupancies of hydrogen bonds above 30% at interfaces among three complexes
(α-tubulin:β-tubulin, Eg5:α-tubulin, Eg5:β tubulin). (A) The occupancies of hydrogen bonds
between α tubulin and β tubulin. The left residue comes from α tubulin for each hydrogen bond,
while the right residue comes from β tubulin. (B) The occupancies of hydrogen bonds between
the interface of the Eg5 motor domain and α tubulin. The left residue comes from the Eg5 motor
domain for each hydrogen bond, while the right residue comes from α tubulin. (C) The
occupancies of hydrogen bonds between the interface of the Eg5 motor domain and β tubulin.
The left residue comes from the Eg5 motor domain for each hydrogen bond, while the right
residue comes from β tubulin.
We calculated the occupancies of residues forming hydrogen bonds during the three
simulations as well. Figure 2.10 shows the distribution and occupancies of residues that form
hydrogen bonds on the interface of the Eg5 motor domain, α and β tubulin. Residues with high
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occupancies that likely contribute significantly to the binding interactions are marked in deep
colors. As shown in the figure 2.10, all the high occupancy residues are on the binding interfaces.
At the binding interface of α-tubulin:β-tubulin, the hydrogen bond involved residues with
occupancy over 66% on α tubulin are: GLU220, ARG221, and GLN15; the hydrogen bond
residues with occupancy over 66% on β tubulin are: SER322, LYS324, MET321 and GLN245.
Between Eg5 and α tubulin, the hydrogen bond residues with occupancy over 66% on α tubulin
are: GLU414, SER419, and GLU423, while on Eg5 are: GLU344 and ARG274. Between Eg5
and β tubulin, the hydrogen bond residues with occupancy over 66% on β tubulin are: GLU194,
GLU410, GLU421 and ASP417, while on Eg5 are: ARG181 and ARG312. The residues which
have crucial roles in forming hydrogen bonds and may significantly contribute to the binding
interactions are mostly distributed on the binding interfaces. Except for neutral residues, most of
the hydrogen bond residues on Eg5 interface are positively charged, while most hydrogen bond
residues on α/β-tubulin are negatively charged. This is consistent with our previous analysis of
the electrostatic potential on the interface of the Eg5 motor domain, α, and β tubulins. The Eg5
interfacial residues that contact tubulin heterodimer are mainly positively charged, while the
tubulin heterodimer binding interface shows dominantly negative electrostatic potential. Thus,
the Eg5 motor domain attracts the tubulin heterodimer due to their opposite net charges.
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Figure 2.10. The distribution of hydrogen bond involved residues, colored by the occupancies of
the hydrogen bond residues. (A) (B) The distribution of hydrogen bond residues between α
tubulin and β tubulin. Figure (A) is α tubulin while figure (B) is β tubulin. (C) (D) The
distribution of hydrogen bond residues between Eg5 and α tubulin. Figure (C) is α tubulin while
figure (D) is Eg5. (E) (F) The distribution of hydrogen bond residues between Eg5 and β tubulin.
Figure (E) is β tubulin while figure (F) is Eg5.

2.3.7 Salt Bridges
The salt bridges were analyzed based on the last 20 ns of three simulations. In order to
analyze the average occupancies of salt bridges formed in the three simulations for Eg5-tubulin
heterodimer complex, the three simulations were combined to calculate the occupancies of the
salt bridges. Such occupancies of salt bridges above 30% are shown in figure 2.11. The salt
bridges with occupancies above 10% were listed in the table 2.3. Only 2 salt bridges were
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identified at the interface between α- and β-tubulin, while 5 salt bridges were identified at the
interface between the Eg5 motor domain and α-tubulin. The binding interface of Eg5:β-tubulin
was found to have the highest number of salt bridges with 11 pairs. Salt bridges with the
maximum occupancy (86.68%) were also found to be at the binding interface of Eg5:β-tubulin.
In addition, the Eg5:β tubulin interface have four high occupancy salt bridges (occupancies
greater than 50%). In the other two complexes, the occupancies of all salt bridges are less than
50%. These results indicate that the interaction of Eg5:β-tubulin is likely the strongest.
Table 2.3. Occupancies of salt bridges at interfaces among three complexes
Complexes

Salt bridges

Occupancies
(%)

GLU71-LYS252

31

GLU411-ARG251

30

ARG274-GLU414

45

ASP279-LYS112

41

LYS64-GLU423

38

ARG274-GLU417

11

ARG283-GLU411

10

LYS315-GLU194

87

ARG181-GLU194

66

GLU166-ARG156

60

ARG297-GLU421

51

ARG318-GLU410

33

α: β tubulins

Eg5: α tubulin

Eg5: β tubulin

42

ARG181-GLU410

33

LYS197-ASP404

33

LYS197-GLU407

33

ARG181-GLU407

29

ARG312-GLU410

26

ARG312-GLU421

25

In contrast, very few salt bridges were found at the interface of α-tubulin:β-tubulin.
Combined with the hydrogen bonds analysis, it demonstrates that the key factor of the
interactions between α and β tubulins is the hydrogen bonds on the interfaces, while the salt
bridges only provide limited interactions. On the interfaces of Eg5:tubulin heterodimer, more salt
bridges are found. It indicates that the electrostatic interactions are the key factor of the
Eg5:microtubule interactions. The interactions of Eg5:α tubulin and Eg5:β tubulin are not
symmetric: The salt bridge number from Eg5:β tubulin is much higher than that of Eg5:α tubulin.
What is more, the occupancies of the salt bridges from Eg5:β tubulin are also higher than that of
Eg5:α tubulin. Such asymmetric salt bridge distributions may contribute to the unidirectional
motility of Eg5 moving along the microtubule: the β tubulin forms more salt bridges, therefore,
may provide stronger attractive forces to guide the Eg5 moving towards the microtubule plus
end.
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Figure 2.11. During the three simulations, occupancies above 30% of salt bridges at interfaces
among three complexes (α-tubulin:β-tubulin, Eg5:α-tubulin, Eg5:β tubulin). (A) The occupancies
of salt bridges between α tubulin and β tubulin. For each salt bridge, the left residue comes from
α tubulin while the right residue comes from β tubulin. (B) The occupancies of salt bridges
between the interface of the Eg5 motor domain and α tubulin. For each salt bridge, the left
residue comes from Eg5 while the right residue comes from α tubulin. (C) The occupancies of
salt bridges between the interface of the Eg5 motor domain and β tubulin. For each salt bridge,
the left residue comes from Eg5 while the right residue comes from β tubulin.
The top three salt bridges between each two of the monomers in the complex of the Eg5
motor domain and α/β tubulin are shown in figure 2.12. There are only two salt bridges between
α tubulin and β tubulin, as shown in figure 2.12A, B. These high occupancy salt bridges are
essential to study the binding mechanisms between Eg5 and microtubule.

44

Figure 2.12. The top three salt bridges at interfaces among the Eg5 motor domain, α tubulin, and
β tubulin. (A) The salt bridges between α tubulin and β tubulin. (B) A close-up view of (A). α
tubulin and β tubulin are shown in blue and pink, respectively. (C) The top three salt bridges
between Eg5 and α tubulin. (D) A close-up view of (C). α tubulin is shown with blue color while
Eg5 is represented using orange color. (E) The top three salt bridges between Eg5 and β tubulin.
(F) A close-up view of (E). β tubulin is shown in pink color while Eg5 is orange.
The distributions and occupancies of salt bridges involved residues on the interfaces of
the Eg5 motor domain, α tubulin, and β tubulin, are shown in figure 2.13. Colors from dark to
light according to their occupancies. Deep colors show higher occupancies for the salt bridge
residues.
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GLU411 (from α-tubulin), GLU71 (from α-tubulin), ARG251 (from β-tubulin), and
LYS252 (from β-tubulin) are pivotal for forming salt bridges between α- and β-tubulins.
Residues that are involved in forming salt bridges at the interface of Eg5:α-tubulin include
GLU414, GLU423, GLU417, GLU411 and LYS112 from α-tubulin, and ARG274, ASP279,
LYS64 and ARG283 from Eg5. Except for one positively charged residue LYS112, residues on
the interface of α tubulin, which contact with Eg5, are all glutamates are negatively charged. The
corresponding residues on Eg5 interface, most of them are positively charged residues, except
ASP279. The residues GLU194, GLU410, GLU421, GLU407, ARG156 and ASP404 on β
tubulin, and ARG181, LYS315, LYS197, GLU166, ARG312, ARG297 and ARG318 on Eg5,
play a vital role in forming salt bridges between β tubulin with Eg5. Most of the residues on βtubulin are negatively charged (except ARG156), while most of the residues on Eg5 are
positively charged (except GLU166). It is expected because the results of the electrostatic
potential and hydrogen bonds show the residues on the interface of Eg5 are mainly positively
charged while the tubulin heterodimer binding interface shows dominantly negative electrostatic
potential. Thus, the Eg5 motor domain is attracted by tubulin heterodimer.
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Figure 2.13. The distribution of salt bridges involved residues colored by the occupancies of the
salt bridge residues. (A) (B) The distribution of salt bridge residues between α tubulin and β
tubulin. Figure (A) is α tubulin while figure (B) is β tubulin. (C) (D) The distribution of salt
bridge residues between Eg5 and α tubulin. Figure (C) is α tubulin while figure (D) is Eg5. (E)
(F) The distribution of salt bridge residues between Eg5 and β tubulin. Figure (E) is β tubulin
while figure (F) is Eg5.

2.4. CONCLUSIONS
Electrostatic interaction between Eg5 and the microtubule were investigated using a
comprehensive approach in this work. The motor domain of Eg5 shows dominantly positive
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potential at the binding interface to attract tubulin heterodimer, which has negative potential on
the binding interface. Electric field lines and electrostatic binding forces are shown, which
demonstrate dominantly attractive forces between Eg5 and tubulin heterodimer. For the folding
energy dependence to pH, the optimal pH is found as 6 for Eg5. The binding energy dependence
to pH shows that the binding of Eg5 with tubulin heterodimer is stable in the acidic environment
(the optimal pH is found as 4.5). It means that Eg5 stabilizes their structure and performs
function best with microtubule in the acidic environment.
Furthermore, residues forming salt bridges and hydrogen bonds are identified from MD
simulations. In the three complexes (Eg5:α-tubulin, Eg5:β-tubulin, α-tubulin:β-tubulin), we find
that the Eg5:β-tubulin has the largest average number and highest occupancies of salt bridges,
which indicates asymmetric binding mechanism when Eg5 moves along the microtubule.
Compared with the hydrogen bonds, salt bridges play more critical roles in the Eg5:microtubule
interactions, while the key factor of the interactions between α- and β-tubulins is the hydrogen
bonds on the interfaces.
Between Eg5 and α-tubulin, most salt bridges involved residues on α-tubulin are GLUs
with negative charges, except LYS112. While most of the salt bridge involved residues on Eg5
are positively charged, except ASP279. For Eg5 and β tubulin, most of the residues on β tubulin
are negatively charged residues (except residue ARG156) while most of the residues on Eg5 are
positively charged residues (except residue GLU166). It is consistent with the electrostatic
potential results, which show the residues on the interface of Eg5 are mainly positively charged
while the tubulin heterodimer binding interface shows dominantly negative electrostatic
potential. These residues are critical for Eg5’s motility and binding with microtubule, which may
help the Eg5 targeting anticancer drug design in future.
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3. FUTURE PLAN
3.1 Kinesin 14 Project
As we discussed in the second project, kinesins are a superfamily of many different
motor proteins, which play vital roles in various cellular processes. Kinesin 14, was found have
novel interaction behaviors with microtubules in the experiment recently. Ncd is a typical
kinesin-14 motor that forms a homodimer. Weihong Qiu’s lab (from Oregon State University)
reveals that engineered Ncd motors can suppress the microtubule growth at the plus end while
enhancing the microtubule growth at the minus end. This behavior, which reverses the dynamic
polarity of microtubules, is opposed to the dynamic instability of microtubules. This interesting
interaction is unlike any other regulators that have been investigated, which will help us
understand the mechanism of motor-based microtubule regulation.
Computational approaches are well furnished to help us to confirm this finding and
discover the detailed mechanisms inside the novel behavior with microtubules. Firstly, the
electrostatic features can be shown through DelPhi and DelPhiForce tools. Then, Molecular
Dynamics (MD) simulations will performed to investigate the salt bridges and hydrogen bonds
involved in the interactions between Ncd motor and microtubules. The dynamic interactions of
this novel regulation could be visualized through the visual molecular dynamics (VMD).

3.2 Current progress and future work
I already did the electrostatic potential of the kinesin 14 wild-type Ncd RBDs (as shown
in figure 3.1). It is curious for me to see how the electrostatic interactions between Ncd RBD and
microtubules. So in the proposed work, I will complete the calculations of the electrostatic
potential of the full structures, the field lines, as well as electrostatic forces between Ncd motor
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and microtubules. The most critical part is the MD simulation for the whole structure of Ncd
motor and microtubules to see their interactions. During this process, the important residues
involved in forming salt bridges and hydrogen bonds between Ncd RBD and microtubules will
be found, which gives hinds for experimental studies in kinesin motility. Furthermore, by
computationally comparing the binding energies between the two groups of microtubules in the
presence and absence of Ncd, we were able to confirm Ncd motors reverse the dynamic polarity
of microtubules in the experiment.

Figure 3.1. Structure and electrostatic potential of Ncd motor domain. Positively and negatively
charged regions are colored in blue and red, respectively. (A) Front view of the structure of Ncd;
(B) Front view of the electrostatic potential on the surface of Ncd; (C) Bottom view of the
structure of Ncd; (D) Bottom view of the electrostatic potential on the surface of Ncd.
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3.3 Time Schedule of Future Research
Table 3.1. Time Schedule
Tasks to complete project

Approximate time period

Electrostatic features calculation

July-August 2022

MD simulations

June-November 2022

Comparison of the binding energies

December 2022-January 2023

Thesis writing: Literature review

February-March 2023

Thesis writing: Methodology

March-May 2023

Thesis writing: Results

May-August 2023

Thesis writing: First draft

September 2023

Thesis writing: Revising

October 2023

Defense

November 2023

Submission and publication

December 2023
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